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COMPUTATI ONAL FLU1 D OYNAMl CS AND AEHOTHERMODYP4AMI CS 

(Development o f  N o n e q u i l i b r i u m  Models A p p l i c a b l e  t o  AOTUIAFE and 

Superorb i  t a l  F1 i g h t  Regimes) 

-r 

I .  I n t r o d u c t i o n  

i n t i s  r e p o r t  covers  the p e r i o d  from January 7, 1987 t h r u  June 30, 

1987. I t  w i l l  b r i e f l y  d e c r i b e  and summarize the c u r r e n t  s t a t u s  o f  the  

p r o j e c t ,  the research  e f f o r t s  d u r i n g  the l a s t  s i x  months, and p r o j e c t e d  

f u t u r e  e f f o r t s .  I n  a d d i t i o n ,  c o p i e s  o f  v iewgraphs r e c e n t l y  used d u r i n g  

a b r i e f i n g  t o  Johnson Space Center IJSCl personnel  a re  i n c l u d e d  as an 

appendix . 

1 1 .  S t a t u s  and Personnel  

O f f i c i a l l y ,  the p r e s e n t  p r o j e c t  was awarded on January 7, 1987. 

However, f i n a l  paperwork was n o t  completed u n t i l  the  middle o f  February;  

and by t h i s  t i m e  personnel  assignments f o r  s p r i n g  s e m e s t e r  had a l r e a d y  

been decided. Consequent ly,  no graduate s t u d e n t s  w e r e  ass igned t o  t h i s  

p r o j e c t  u n t i l  A p r i l  1, 1987, Due t o  t h i s  de layed s t a r t  on the p r o j e c t ,  

i t  may be necessary t o  reques t  a no-cost e x t e n s i o n  t o  the p r o j e c t  

sometime i n  the nex t  f e w  months. 
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A t  the present  t i m e ,  the s t a f f  assoc iated w i t h  the p r o j e c t  a r e :  

L e l a n d  A.  Car lson -- P r i n c i p a l  I n v e s t i g a t o r  

Approx i m a t e l y  1/4 t i m e  

Glenn B o b s k i l l  -- Graduate Research A s s i s t a n t  

A p r i l  - May, H a l f  t i m e  

June t o  present ,  F u l l  t i m e  

Thomas G a l l r  -- Graduate Research A s s i s t a n t  

June t o  present ,  H a l f  t i m e  

Rober t  Greendyke -- Graduate Research A s s i s t a n t  

June t o  present ,  F u l l  t i m e  

The research  work a s s o c i a t e d  w i t h  t h i s  p r o j e c t  w i l l  form the b a s i s  

f o r  the Masters  t h e s i s  work o f  Mr. B o b s k i l l  and M r .  Greendyke. M r .  

G a l l r  r e c e i v e d  h i s  Masters  degree i n  M a r  1987 and i s  c u r r e n t l y  w o r k i n g  

on h i s  d o c t o r a l  degree. His c u r r e n t  research e f f o r t s  a r e  s p l i t  between 

t h i s  p r o j e c t  and one i n v o l v i n g  t ranson ic  w ing  des ign and a n a l y s i s .  

I I I . Research Prosress  

A t  the present  t i m e  the  e f f o r t s  on t h i s  p r o j e c t  a r e  o rgan ized i n t o  

two areas.  The f i r s t  i n v o l v e s  Tom Cia l l y  and Dr. Car lson and i s  d i r e c t e d  

toirrards the development o f  an approximate s t a g n a t i o n  p o i n t  solution. 

The second i s  d i r e c t e d  towards apprcaimatr  f l o w f  i e l d  5. tudies which can 

be used t o  develop and i n v e s t i g a t e  shock j u m p ,  e l e c t r o n  t e m p e r t u r e ,  

r a d  i a t i on , The 

i n d i v i d u a l s  assoc ia ted  w i t h  t h i s  second p o r t i o n  o f  the p r o j e c t  a r e  D r .  

Car. 1 :.on, Bob Greend::ke , and G1 enn Bot& i 1 1  . 

I) i tlr a t i on-d i ssoc i a t  i on c C I U ~  1 i ng , and c hem i s try mode 1 5.. 
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I 
~ Approximate Stasnat ion  P o i n t  S o l u t i o n  Stud ies  

The o b j e c t i v e  of t h i s  e f f o r t  i s  t o  develp a r a p i d  and " a c c u r a t e "  

approximate s t a g n a t i o n  p o i n t  s o l u t i o n  which can be used f o r  parameter ic  

and/or des ign s t u d i e s  and which inc ludes  approx imate ly  the e f f e c t s  o f  

I 1 chemical  and thermal n o n e q u i l i b i r u m ,  thermal conduct ion ,  r a d i a t i v e  

gasdynamic c o u p l i n g ,  and convec t ive  and r a d i a t i v e  heat  t r a n s f e r .  S ince 

t h i s  model i s  c u r r e n t l y  under development and undergoing d a i l y  r e v i s i o n ,  
I 

p r e s s e n t a t i o n  o f  d e t a i l s  w i l l  be delayed u n t i l  l a t e r  r e p o r t s .  However, 

a general  o u t l i n e  o f  the approach i s  presented i n  the appendix.  A t  the 

present  t i m e ,  computer s o l u t i o n s  complete w i t h  g r a p h i c s  a re  b e i n g  

o b t a i n e d  i n  an i n t e r a c t i v e  f a s h i o n ;  and the e n t i r e  approach appears 

promi s i  ng. 

An example o f  the type o f  r e s u l t s  which can be o b t a i n e d  w i t h  the 

p r e s e n t  approximate s o l u t i o n  i s  shown on F i g u r e  1. T h i s  case i s  f o r  a 

f r e e s t r e a m  v e l o c i t y  o f  16 km/z.ec, an a l t i t u d e  o f  approx imate ly  63.5 km., 

and a shock detachment d i s t a n c e  o f  5.88 cm. As can be seen, the f l o w  

r a p i d l y  e q u i l i b r a t e s  behind the shock wave and i s  i n  chemical  

e q u i l i b r i u m  over most o f  the shock l a y e r .  A l s o ,  the  f l o w  e x h i b i t s  Some 

r a d i a t i v e  c o o l i n g  and c o u p l i n g  as evidenced br the s teady  decrease i n  

temperature and degree c f  i o n i z a t i o n  i n  the c e n t r a l  e q u i l i b i r u m  p a r t  o f  

the shock l a y e r .  

Now, normal ly  one I m u l d  e x p e c t  t h a t  r a d i a t i v e  h e a t i n g  fvom the 

t r a n s p a r e n t  p o r t i o n  of the spectrum would c o r r e l a t e  ~ r ) i  t h  the f rees t ream 

parameter 0.5*CFrees.tream Uer1E.i t y : ) * < F r e e s t r e a m  Vel oc i t r  Cubed:), which i s 



a measure o f  the k i n e t i c  energy f l u x  or  power p e r  u n i t  area i n  the 

f r e e s t r e a m ,  a n d  s c a l e  w i t h  t h e  s h o c k  d e t a c h m e n t  d i s t a n c e .  

I n t e r e s t i n g l ~ ,  t h i s  case, under t h a t  l o g i c ,  corresponds c l o s e l y  t o  the  

c o n d i t i o n  o f  peak h e a t i n g  observed i n  the FIRE 11 f l i g h t  exper iment  even 

though t h a t  c a s e  was a t  about 1 0 . 4 8  km/sec and 53.77 km. The p r e s e n t  

s o l u t i o n  does c o n t a i n  an approx imat ion f o r  the h e a t i n g  f r o m  the  v i s i b l e  

p o r t i o n  o f  the specturm, which i s  e s s e n t i a l l y  t r a n s p a r e n t ;  and when t h i s  

va lue  i s  a d j u s t e d  t o  account for  d i f f e r e n c e s  i n  shock s t a n d - o f f  

d i s t a n c e ,  the r e s u l t  i s  about 350 watts/sq.cm. Whi le  the p r o j e c t  has 

n o t  y e t  o b t a i n e d  the a c t u a l  FIRE numerical da ta ,  g r a p h i c a l  p l o t s  o f  the  

measurements i n d i c a t e  t h a t  s t a g n a t i o n  r a d i a t i v e  h e a t i n g  v a l u e s  o f  350 t o  

400 watts/sq.crn. w e r e  measured from the v i s i b l e  wavelength r e g i o n s  a t  

the t i m e  o f  peak h e a t i n g .  

A r e s u l t  o b t a i n e d  from the c u r r e n t  approx imate method which 

corresponds more c l o s e l y  t o  a FIRE I 1  t r a j e c t o r y  p o i n t  i s  shown on 

F i g u r e  2. T h i s  r e s u l t  i s  i n  reasonable agreement w i t h  d e t a i  e d  

computat ions r e c e n t l y  presented by B i r d  (Reference 1 )  and o b t a i n e d  us n g  

the d i r e c t  s i m u l a t i o n  Monte C a r l o  method. Again,  the f l o w  b e h i n d  the  

shock f r o n t  e q u i l i b r a t e s  r e l a t i v e l y  q u i c k l y  and most o f  the  f l o w f  i e l d  i s  

i n  chemical  e q u i l  ib r ium.  However, due t o  the l o w e r  f r e e s t r e a m  v e l o c i t y !  

rhe degree of i o n i z a t i o n  i s  r e l a t i v e l y  low and t h e r e  i s  v e r y  l i t t l e  

r a d i a t i v e  gasdynamic c o u p l i n g .  

4s ment ioned p r e v i o u s l y ,  the present  niethcid 

approx 

r a d  i a t  

- 

cclnta ins & a  h i g h l r  

mate method o f  e s t i m a t i n g  the s t a g n a t i o n  P O  n t  h e a t i n g  due t o  

v e  t r a n s f e r  f rom the v i s i b l e  r e g i o n ,  I n  add t i m ,  a v e r s i o n  o f  
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the code i s  b e i n g  developed which uses the r e s u l t a n t  f l o w f i e l d  s o l u t i o n  

t o  compute a more accura te  e s t i m a t e  o f  r a d i a t i v e  h e a t i n g .  The l a t t e r  

approach uses a f i v e  s tep  r a d i a t i o n  model which i n c l u d e s  emiss ion and 

a b s o r p t i o n  from the vacuum u l t r a v i o l e t  (UW) cont inuum and l i n e s ,  

v i s i b l e  continuum, and i n f r a r e d  (IR) l i n e s .  F i g u r e  3 compares the 

p r e s e n t  p r e d i c t i o n s  w i t h  d a t a  f rom the  FIRE I 1  exper iment .  The 

measurements f rom FIRE I 1  w e r e  o n l y  i n  the v i s i b l e  p l u s  IR spectrum and 

o n l y  those r e s u l t s  a re  shown. The present  r e s u l t s  a r e  p l o t t e d  over a 

h o r i z o n t a l  band s i n c e  the p r e s e n t  t r a j e c t o r y  p o i n t  d i d  n o t  match e x a c t l y  

a FIRE 11 p o i n t .  Thus, one end o f  t h e  spread cor responds t o  a match i n  

f r e e s t r e a m  v e l o c i t y  w h i l e  the o t h e r  corresponds t o  a match o f  a l t i t u d e .  

I n t e r e s t i n g l y ,  the p r e s e n t  r e s u l t s  "surround"  the exper imenta l  data.  

However, i n  t h i s  i n v e s t i g a t o r s  o p i n i o n ,  t h i s  good agreement s h o u l d  

n o t  be v i e w e d  as v e r i f i c a t i o n  o f  the method b u t  r a t h e r  as an i n d i c a t i o n  

t h a t  i t  i s  r e l a t i v e l y  easy t o  match the FIRE d a t a  i n  the p l o t t e d  

wavelength r e g i o n ,  Phrased d i f f e r e n t l y ,  the  r a d i a t i v e  h e a t  f l u x  i n  the  

v i s i b l e  p l u s  IR i s  n o t  a s e n s i t i v e  i n d i c a t o r  o f  the accuracy o f  a 

f l o w f i e l d  c a l c u l a t i o n  o r  model. 

N e v e r t h e l e s s ,  i t  i s  b e l i e v e d  t h a t  the p r e s e n t  f i v e - s t e p  r a d i a t i v e  

heat  t r a n s f e r  r e s u l t s  are i n t ,  r e s t i n g .  These r e s u l t s ,  wh ich  s h o u l d  be 

v i e w e d  as v e r y  p r e l  im inary ,  a r e  a s  f o l l u w s :  



Wavelength Type Heat T r a n s f e r  

(An gs t r oms ) 

620-1 100 UUV Con t i nuum 0.035 

1100-1300 UW Continuum 51.89 

1300-1570 UUV L i n e s  1219. 

1570-7870 U i s i b l e  Continuum 18.08 

7870-9552 I R  L i n e s  108.5 

(Watts/sq .cm.)  

F i r s t ,  i t  s h o u l d  be n o t i c e d  that  i n  the v i s i b l e  p l u s  IR r e g i o n ,  

most o f  t h e  h e a t i n g  i s  f rom IR l i n e s .  T h i s  t r e n d  i s  i n  accord w i t h  

shock tube d a t a  and c a l c u l a t i o n s  o f  o ther  i n v e s t i g a t o r s .  However, the 

most s u r p r i s i n g  f e a t u r e ,  i s  the s t rong c o n t r i b u t i o n  f rom the UUU and i n  

p a r t i c u l a r  f rom VUU 1 ines .  Whi le ,  the c o n t r i b u t i o n  frm t h i s  r e g i o n  

w i l l  depend s t r o n g l y  upon shock detachment d i s t a n c e  { i  .e.  o p t i c a l  p a t h  

l e n g t h )  and the degree o f  nonequ i l  ibr ium, these r e s u l t s  i n d i c a t e  t h a t  

VUU r a d i a t i o n  and n o t  the v i s i b l e  may dominate. Whi le  t h i s  p o s s i b i l  i tr 

has been ignored by many i n v e s t i g a t o r s  (assuming t h a t  the VUV w i l l  a l l  

be absorbed and n o t  reach the body),  i t  i s  i n  agreement w i t h  the r e c e n t  

c a l c u l a t i o n s  of B i r d  and i s  imp l ied  i n  the comparison between the 

v i s i b l e  p l u s  I R  and t o t a l  h e a t i n g  measured on F I R E  1 1 .  

C o n s i d e r i n g  the u n c e r t a i n t y  o f  these r e s u l t s  and the l a c k  o f  shock 

trJbe d a t a  i n  t h i s  wavelength regime, c o n s i d e r a t i o n  p r o b a b l r  shou ld  be 

g i v e n  t o  i n s t r u m e n t i n g  the AFE t o  e i t h e r  measure h e a t i n g  f r o m  the WJ'J or 

t o  p r w i d e  measurements from which i t  can be deduced. 

7 



D u r i n g  the nex t  p o r t i o n  04 the p r o j e c t ,  i t  i s  p lanned t o  cont inue 

development o f  the approximate s tagnat ion  p o i n t  model. T e n t a t i v e l y ,  the 

f o l l o w i n g  tasks  w i l l  be conducted: 

( 1 )  I n c o r p o r a t e  methods f o r  a c c u r a t e l y  comput ing r a d i a t i v e  heat  

t r a n s f e r  u s i n g  a f i v e  s tep absorp t ion  c o e f f i c i e n t  model. These 

techn iques  w i l l  i nc lude the e f f e c t s  due t o  chemical  and thermal 

nonequ i l  i b r i u m .  

( 2 )  Develop and inc lude i n  the method a p p r o p r i a t e  techn iques  f o r  

comput ing the c o v e c t i v e  heat t r a n s f e r  t o  the s t a g n a t i o n  p o i n t .  

( 3 )  Improve the chemis t ry  c o r r e l a t i o n s  used i n  the method. 

( 4 1  Automate the method so t h a t  i t  i s  easy t o  use and s u i t a b l e  f o r  

paramet r ic  t y p e  s t u d i e s .  

( 5 )  Consider and i f  p o s s i b l e  inc lude s l i p  boundary c o n d i t i o n s  so 

as t o  ex tend the r e g i o n  o f  v a l i d i t y  o f  the model.  

(6) Use the model t o  per form parametr ic  type s t u d i e s  and compare 

r e s u l t s  t o  exper imenta l  and f l i g h t  d a t a .  

&Lproximate Flowf i e l d  So lu t  ion Stud ies  

The pr imary  o b j e c t i v e  of t h i s  p o r t i o n  o f  the  program i s  t o  develop 

and s t u d y  a v a r i e t y  of o i  models and approximate models f o r  v a r i o u s  

p h y s i c a l  phenomena assoc ia ted  w i t h  the f l o w f  i e l d .  I n  o rder  t o  d e v c l o p  

ruch  modelc.} de l  inea te  t h e i r  a p p l  i c a b i l  i t y ,  and determine the 

consequences o f  t h e i r  usage, i t  i s  e s s e n t i a l  t o  have a r a p i d  f lo l .& ie ld  

s o l v e r .  A f t e r  cons iderab le  i n v e s t i g a t i o n ,  i t  was dec ided t u  uc.e i o ?  the 

f 1 ow s o l v e r  a chemical and thermal nonequ i 1 i b r  i lJm Maslen t y p e  o f  inlver-se 

8 



s o l v e r  due t o  Grose (Reference 21. I n  t h i s  method, a shock shape i s  

assumed and the f l o w f i e l d  and body shape a r e  determined as p a r t  o f  the 

s o l  u t  i on. 

Wh i l e  a Maslen model u t i  1 i t e s  many assumpt i ons, exper ience by t h i s  

and o t h e r  i n v e s t i g a t o r s  has shown tha t  such models y i e l d  v e r y  good 

e n g i n e e r i n g  type o f  r e s u l t s .  I n  a d d i t i o n ,  t h i s  model, which i s  based on 

the E u l e r  equat ions ,  has severa l  d i s t i n c t  advantages t o  the present  

p r o j e c t .  F i r s t ,  i t  i s  computa t iona l l y  v e r y  f a s t .  Second, i t  can be 

u t i l i z e d  t o  compute the s o l u t i o n s  along o n l y  a f e w  s e l e c t e d  s t r e a m l i n e s  

f o r  those s i t u a t i o n s  i n  which an e n t i r e  f l o w f i e l d  s o l u t i o n s  i s  n o t  

needed. T h i s  aspect i s  v e r y  impor tant  c u r r e n t l y  s i n c e  many s t u d i e s  w i l l  

be needed t o  determine the e f f e c t s  e t c .  o f  u s i n g  v a r i o u s  approximate 

models. F i n a l l y ,  the s e l e c t e d  Maslen approach s h o u l d  be ab le  t o  model 

AOTV/AFE type o f  v e h i c l e s  reasonably  w e l l  s i n c e  they  are  b a s i c a l l y  b l u n t  

sphere-cones. 

C:urrent ly ,  the model has treen coded and tes t  r u n s  have been 

conducted. These tes t  cases have i n c l u d e d  chemical  n n n e q u i l i b r i u m  

(seven s p e c i e s  and s i x  r e a c t i o n s )  as w e l l  as v i b r a t i o n a l  nonequ i l  i b r i u m ,  

and some t y p i c a l  r e s u l t s  are inc luded i n  the Appendix.  I t  i s  p lanned t o  

use  t h i s  f l o w  s o l v e r  t o  s tudy shock jump, e l e c t r c m  temperature,  

r a d i a t i o n ,  v i b r a t  i on-di ssoc i a t  i an coup1 i ng, and r e a c t  ion  c h e m i s t r y  

tTicade 1 5. . 

One a t  the p r i m a r y  problems i n  c.oiv inq chemical  nclr lequi i t~r iurr i  b l u n t  

body f 1 OW5 wi t h  the Eui e r  and/or Na.!? i e r  Stokes equat i orts i c, the 



, 
I d i s p a r i t e  t i m e  s c a l e s  between v a r i o u s  phenomena. T y p i c a l l y ,  some o f  the 
I 
I chemical  r e a c t i o n s  have c h a r a c t e r i s t i c  t i m e s  much s h o r t e r  than o t h e r s  

and much s h o r t e r  than the f l o w  c h a r a c t e r i s t i c  t i m e .  These d i f f e r e n c e s  

make the r e s u l t a n t  equat ions  s t i f f ,  which o f t e n  l e a d s  t o  s t a b i l i t y  

problems and l o n g  computing t i m e s .  However, f r o m  a p h y s i c a l  s t a n d p o i n t ,  

chemical  r e a c t i o n s  i n  a i r  o f t e n  proceed i n  s teps .  For example, oxygen 

I d i s s o c i a t i o n  occurs  much more r a p i d l y  than n i t r o g e n  d i s s o c i a t i o n ,  and 

b o t h  occur f a s t e r  than i o n i z a t i o n .  Thus, i n  v a r i o u s  f l i g h t  regimes i t  

m i g h t  be p o s s i b l e  t o  e s s e n t i a l l y  uncouple the  processes by assuming t h a t  

one o r  more o f  them i s  complete i n  the "shock f r o n t '  and i n c o r p o r t i n g  

the e f f e c t  i n t o  the shock jump c o n d i t i o n s .  

t 

! 

Consequent ly,  work i s  c u r r e n t l y  i n  p r o g r e s s  under t h i s  p o r t i o n  o f  

the p r o j e c t  t o  develop severa l  shock jump approx imat ions ,  i n c o r p o r a t e  

them i n t o  the f l o w f  i e l d  s o l v e r ,  and s t u d y  t h e i r  appl  i c a b i l  itr, 

subsequent e f f e c t s  on the f l o w f i e l d ,  and the computa t iona l  e f f o r t  ( o r  

sav ings)  i n v o l v e d .  C u r r e n t l y  t h r e e  t y p e s  of shock jump c o n d i t i o n s ,  i n  

a d d i t i o n  t o  the  d e f a u l t  c o n d i t i o n  o f  f r o z e n  mass f r a c t i o n s ,  are b e i n g  

developed. The f i r s t ,  under the assumption t h a t  c o n d i t i o n s  a r e  such 

t h a t  oxygen d i s s o c i a t i o n  occurs  e s s e n t i a l l y  immediate ly  beh ind  the 

f r o n t ,  w i l l  determine p o s t  shock c o n d i t i o n s  assuming t h a t  02 and 0 are  

i n  e q u i l i b r i u m  ~ i t h  each o t h e r  and t h a t  N2 and a l l  o t h e r  spec ies  

c o n c e n t r a t i o n s  a r e  f rozen.  I t  i s  b e l i e v e d  t h a t  t h i s  approx imat ion  w i l l  

be r r a l i d  over  the b l u n t  body p o r t i o n  o f  much o f  the AOTU f l i g h t  regime. 

The second cme i s  a p p l  i c a b l e  o n l y  t o  pure 1.42 and assumes t h a t  

n i t r o g e n  d i s s o c i a t i o n  occur5 r a p i d l y  and t h a t  N2 and N a r e  i n  



equilibrium immediately behind the front, While not directly applicable 

to ATOU atmospheric flight, the use and study of this approximation will 

enable some rapid studies of superorbital velocity flight and should 

give insight into a variety of phenomena which are dominated or  strongly 

influenced by ionization and nitrogen atoms. At speeds above 10 kmlsec 

nitrogen atoms and ions are the primary species affecting radiative 

phenomena. 

Finally, a shock jump approximation is being developed which 

assumes that both n i trogen and oxygen di ssoc i at ion are essent i a1 1 y 

complete imemdiatelr behind the shock front and that N2 and 02 are in 

equilibrium with N and 0. Again the validity and applicability of this 

approximation will be investigated. 

Another area which must be modeled appropriately in order to 

accurately predict AOTU/superoribtal flowfields is the electron 

temperature, which is the temperature which controls radiative emission 

and absorption, At velocities above 10 km/sec there are sufficient 

number of free electrons that theoretically the electron temperature 

should be determined by solving an electron energy equation. However, 

the inclusion of this highly coupled equation into the problem greatly 

the computational time required f r -  solution. Consequently, 

gat ion and eval uat i on of uar iclus methods o f  approx imat i ng the 

emperature for this flight regime is being conducted.. 

y 10 km/sec, i t 

closely coupled 

increases 

an invest 

electron 

On the other hand, for velclci ties tielcu approximate 

is general ly accepted that the electron temperature is 

1 1  



t o  the n i t rogen v i b r a t  i onal temperature; and some r e s e a r c h e r s  have 

suggested approx imat ing  the e l e c t r o n  temperature by s e t t i n g  i t  equal t o  

the n i t r o g e n  v i b r a t i o n a l  temperature.  Whi le  t h i s  approach i s  q u i t e  good 

over the l a t t e r  p o r t i o n  o f  the chemical r e l a x a t i o n  zone b e h i n d  the shock 

wave, p r e v i o u s  exper imenta l  and t h e o r e t i c a l  s t u d i e s  by t h i s  au thor  

i n d i c a t e  t h a t  the peak e l e c t r o n  temperature may be s i g n i f i c a n t l y  lower  

than the peak n i t r o g e n  v i b r a t i o n a l  temperature and t h a t  the  t i m e  o f  the 

peak may be l a t e r .  These d i f fe rences  c o u l d  be impor tan t  i n  comput ing 

the r e s u l t a n t  r a d i a t i v e  emission. Consequent ly,  v a r i o u s  e l e c t r o n  

temperature models are b e i n g  s t u d i e d  and w i l l  be i n c o r p o r a t e d  i n t o  the 

f 1 owf i e l  d program and eva lua ted .  

I n  c o n j u n c t i o n  w i t h  the e v a l u a t i o n  o f  e l e c t r o n  temperature models, 

v a r i o u s  r a d i a t i o n  models a re  a l s o  being s t u d i e d .  Since t h i s  e f f o r t  has 

j u s t  been i n i t i a t e d ,  d e t a i l s  a re  not r e t  a v a i l a b l e .  However, f o r  

temperatures above 8000 t o  10000 K, i t  appears t h a t  s t e p  models based 

upon n i t r o g e n  atmos and ions w i l l  be adequate. However, s.uch models 

migh t  p o s s i b l y  be s i m p l i f i e d ,  and t h i s  p o s s i b i l i t y  w i l l  be i n v e s t i g a t e d .  

A t  lower v e l o c i t i e s  and/or temperatures molecu la r  band r a d i a t i o n  

becomes impor tant  and c u r r e n t  p r o j e c t  s t u d i e s  have n o t  def  i n  i t e l r  

determined whether o r  n o t  s tep  models can t ie used. The work i n  tt! s 

a.rea I:Ji 1 1  o f  course,  con t inue.  

E r  f a r  one o f  the most irnpcirtant a r e a E  b e i n g  s t u d i e d  c ~ ~ r r e n t t y  

under the p r o j e c t  i s  v i b r a t i o n  d i s s s o c i a t r o r l  coupl  ing models. V i b r a t i o n  

d i s s o c i a t i o n  coupl  i n 9  s t r o n g l y  i n f l u e n c e s  r p e c  i e? .  c o n c e n t r a t i o n  

12 



v a r i a t i o n s ,  v i b r a t i o n a l  temperatures,  and hence e l e c t r o n  temperatures 

and r a d i a t i v e  emiss ion-absorpt ion.  C u r r e n t l y ,  the f l o w f i e l d  program has 

a coupled v i b r a t i o n  d i s s o c i a t i o n  (CUD) model; and t h i s  approx imat ion  i s  

b e i n g  m o d i f i e d  t o  a coupled v i b r a t i o n  d i s s o c i a t i o n  v i b r a t i o n  (CVDV) 

model. E v e n t u a l l y ,  i t  i s  p lanned t o  inc lude i n  the program the o p t i o n  

of u s i n g  e i t h e r  o f  these two models a l o n g  w i t h  the CJDU p r e f e r e n t i a l  

model and the more r e c e n t l y  proposed Park model (Reference 3 ) .  I n  

a d d i t i o n ,  p resent  p r o j e c t  s t u d i e s  i n d i c a t e  t h a t  the  cho ice  o f  

v i b r a t i o n a l  r e l a x a t i o n  da ta  and c o r r e l a t i o n s  can have a s i g n i f i c a n t  

e f f e c t  on r e s u l t s .  Consequent ly,  i n  the n e x t  p e r i o d  the s i m i l a r i t i e s ,  

d i f f e r e n c e s ,  and consequences o f  us ing  each o f  these models a l o n g  w i t h  

v a r i o u s  r e l a x a t i o n  d a t a  w i l l  be i n v e s t i g a t e d  f o r  the AOTV reg ime.  

I n  c o n j u n c t i o n  w i t h  v i b r a t i o n  d i s s o c i a t i o n  c o u p l i n g  e f f o r t s  work  

has a l s o  s t a r t e d  on i n v e s t i g a t i n g  the e f f e c t s  o f  v a r i o u s  r e a c t i o n  

c h e m i s t r y  models. I t  i s  p lanned n o t  on ly  t o  p e r f o r m  p a r a m e t r i c  s t u d i e s  

o f  v a r i o u s  r a t e s  b u t  a l s o  t o  determine the  e f f e c t  on the f l o w f i e l d  and 

heat  t r a n s f e r  o f  v a r  i o u s  proposed r e a c t  i o n  r a t e  temperature dependence 

models. Whi e h i s t o r i c a l l y  r e a c t i o n  r a t e s  have used heavy p a r t i c l e  

t r a n s 1  a t  i onal  temperatures,  severa l  i n v e s t  i g a t o r s  have pr@p@sed f @r 

v a r i o u s  r e a c t  ons u s i n g  e l e c t r o n  temperatures,  u i b r a t i o n a l  temperatures,  

or   combination^. o f   various temperaturps.  Cur ren t  s t u d i e s  i n d i c a t e  t h a t  

these v a r i o u s  cho ices  can a f f e c t  r a t e s  and the e x t e n t  o f  n o n e q u i l i b r i u r n  

by o r d ~ r s .  of magnitude, Thus., w o r k  i s  i n  proqrez.~.  t o  m o d i f y  the f l o w  

code t o  a1 ic tw v a r i o u s  temperature o p t i o n s .  A f t e r  t h i s  work. i s  

completed, s t u d i e s  w i l l  be conducted t o  determine t h e  e f f e c t  o f  v a r i o u r .  

13 



I temperature dependence models. I t  s h o u l d  he  no ted  t h a t  f o r  these 

i 
l s t u d i e s  the f a c t  t h a t  the inverse  f l o w  code can be used t o  compute o n l y  

a f e w  s t r e a m n l i n e s  w i l l  r e s u l t  i n  s i g n i f i c a n t  t i m e  sav ings .  

I 

IU.  F u t u r e  E f f o r t s  

As i n d i c a t e d  above and based upon d i s c u s s i o n s  d u r i n g  a r e c e n t  

p resent  t o  NASA personne l ,  work d u r i n g  the n e x t  p r o j e c t  p e r i o d  w i l l  

c o n t i n u e  the development o f  the v a r i o u s  approximate codes. D u r i n g  the 

nex t  r e p o r t i n g  p e r i o d  these w i l l  be used as f o l l o w s :  

( 1 )  To per fo rm p r a m e t r i c  s t u d i e s  of shock jump, e l e c t r o n  

temperature,  and r a d i a t i o n  models. 

( 2 )  lo per fo rm p a r a m e t r i c  s t u d i e s  o f  v i b r a t i o n  d i s s o c i a t i o n  

c h e m i s t r y  c o u p l i n g  and r e a c t i o n  chemis t ry  models. 

( 3 )  For the e v a l u a t i o n  o f  v a r i o u s  approximate models. 

( 4 )  For the e v a l u a t i o n  o f  v a r i o u s  approx imat ions  a s s o c i a t e d  w i t h  

s t a g n a t i o n  p o i n t  s o l u t i o n s  and t o  per fo rm paramet r ic  s t u d i e s  of the 

i n f l u e n c e  of v a r i o u s  parameters on s t a g n a t i o n  p o i n t  h e a t i n g .  

F i n a l l y ,  i t  shou ld  he n o t e d  t h a t  the  present  e f f o r t  i s  d 

o n l y  towards the AFE/AOTU v e l o c i t y  regime b u t  also towards 

ahove 10 ltrri./':.ec, There a r e  essent  i a l l r  two reasonc; f u r  conr. 

h i g h e r  tveloci  t i e s .  F i r s t ,  i n v e s t i g a t i o n  o f  superorb i  t a  

the deuelcipment ctf e n g i n e e r i n g  models f o r  t h a t  regime w 

f o r  .Future l u n a r  and  Mars  mi~j ' , ions.  Second, the e n t r y  

r e c t e d  n o t  

vel oc i t i es 

d e r i n g  the 

phenomena and 

1 1  be O t  value 

v e l o c i t y  o f  1 0  

krrl,,':.ec for the ACiTI...! s h o u l d  h e   viewed only as  a "maximum cru i5 .e"  p o i n t ,  



t 

As f o r  any aerospace v e h i c l e ,  the ac tua l  f l i g h t  envelope used t o  

determine the v e h i c l e  des ign must, i n  o rder  t u  account f o r  emergencies 

and v a r i o u s  m i s s i o n  o p t i o n s ,  encompass a l a r g e r  v e l o c i  tr and a1 t i  tude 

range.  Thus, those p o r t i o n s  o f  the c u r r e n t  s t u d i e s  wh ich  a re  d i r e c t e d  

a t  v e l o c i t i e s  above 10 km./sec are from an eng ineer ing  s t a n d p o i n t  a l s o  

a p p l i c a b l e  t o  an AFE/AOTV type o f  v e h i c l e .  
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<Nunequ i 1 i br i UKI Model E. A p p l  i cat11 e to AOTU)/AFE I F1 i g h t  Regimes) 

PRCIJECT STATUS 

E + f e c t i u e  S t a r t  D a t e :  1 A p r i l  87 

PART I :  

A p p r o x  i m a t e  S t a g n a t  i on Poi  n t S o l  u t  i on 
( G a l l y  and C a r l s o n )  

PART 11: 

A p p r o x  i m a t e  F1 ow+ i e l d  S o l  u t  i on S t u d i  8s 

< a >  Shock,  T e ,  and R a ' d i a t i o n  
A p p r o x  irriat i o n s  
CGreendykte a n d  Carl s o n >  

<b> U i b . - T e m p .  Coup1 i n g  M o d e 1 5  a n d  
E + + e c t  on C h e m i s t r y  
C B o b s k i l l  and C a r l s o n )  



I 

OBJECT I UE : 

s o l u t i o n  s u i  table +or  p a r a m e t r i c  s t u d i e s .  
Deue l  op an " a c c u r a t e "  a p p r o x  innate 

S T A R T I N G  P O I N T :  

# l o w .  Later e x t e n d  to l o w e r  velocities and 
t r a n s i  t i o n  r e g i o n .  

F L O W F I  ELD STRUCTURE : 

S u p e r o r b i  tal  uel oc i t i e s  and c a n t  i n u u m  

I I  
I I  
I I  

u I I  
I I  
I I  

P 1 1  
I I  
I I  
I I  
I I  
I !  
I I  
I I  
I I  
I I  
I I  
I I  
I I  

C o n d u c t i n g  

Chem. Noneq. 

Complete Dissoc. 
i n  Shock F r o n t  

Ambi p o l  ar D i  f f u s i  on 

u = o  
r3 

p c o n s t a n t  

R a d i a t i v e  Losses 
Dominated by UUV 

T H #  Te 

T e  Constant  

I . Conduct 1 nq  I \  
I I \  
I Chem. Eq. I \  
I I \  
I Complete D i d ,  ==oc  I \  
I I \  
I I \  
I No M o l .  D i f f .  I \  

I \  
I \  I u = zero 
I \  I p = constant 

I I \  
I Radiative Losses f r o m  I \  
I O p t i c a l l y  Thin Part o f I \  
I Spectrum I \  
I I \  
I TH = T e  i \  
I I \  
I I \  

I Q  
4 

Bow Shock End o f  Noneq. Zone Wal 1 

G0UEHNlNG EGrUATICrN: 
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TIJO TRCtNSFORMAT I O N S  : 

P r a n d t l  No. = c o n s t a n t ;  

T H I C K  Z O N E  

ABSORPTION COEFFI  GI ENT 

< A l l o w s  K, t o  d e p e n d  
91  ow+ i el d) upon 

- - Kr 

RADIATIVE TRANSFER: 

a p p r o x i m a t e d  as 

w h e r e  6 i 5 e x p t  . /emp i r ica .1  



T H I  C:K EQUAT I ON: 

- t 
B 

= hecell ~ 

L 

U 

SHOCK B.C.  : 

Includes thermal conduction 
Actual ualue coupled to the solution 

THIN ZONE 

ABSORPTI  ON COEFFI CI ENT: . #  

CHEMI STRY:  

2 3  
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bJALL E:. c: . : 
C : u r i ' e n t l  y ac_.=.umi n q  " h o t "  n c i n c a t a l  rt i c 
U J 3 1  1 I 

T H I N  EQUATION: 

EePr 

- 0  

a hr 

-. n 

"1 h. 

PHYSICAL COORDINATES: . 

Obtained f r o m  solution and 
transformations. 

h 
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1 I Accurate1 y compute r a d i  a t  i ve h e a t  t r a n s - f e r  
I u s i n g  a 5 - s t e p  model . 

2. Compute c o u e c t i u e  h e a t  t r a n s - f e r .  

3. I n c o r p o r a t e  n o n e q u i l  i b r i u m  e - f f e c t s  on 
absorption c o e + + i c i e n t s .  

4 .  I m p r o v e  r e l a x a t i o n  " d i s t a n c e "  u a l u e 5 .  

5. I m p r o v e  c h e m i s t r y  c o r r e l a t i o n s ,  

(5. I m p r o v e  m a t c h  p o i n t s  and  t h i c k  downstream 
b o u n d a r y  c o n d i  t i  on. 

7 .  A u t o m a t e  

I 

I 
8. Compare t o  data  a n d  p e r f o r m  p a r a m e t r i c  
s t u d i e s .  

9. E x t e n d  . f u r t h e r  into AOTUHAFE + l i g h t  
r e g i m e ,  

29 



F L O W F I  ELD MODEL 

Using a nonequi 1 ibrium Maslen type o-f model 
due to G r o s e ,  

Advantages: 
1. Fa5t 
2. Can do indiuidual stream1 ines 
3. Shoul d model AOTU/AFE reasonabl Y 

w e 1  1 

Usage : 
1 .  Study ShocK,  TE, and Radiation 

Mode 1 5 
2. Study Vibrational-Chemistry 

Temperature Coup1 i ng model s 
3. Study reaction chemistry m o d e l 5  

SHOCK J U M P  APPROXIMATIONS 

Currently deueloping four di-fferent case53 
( 1 )  F r o z e n  
(2) 02 & 0 in equil ., N2 - f rozen 
(3) Pure N2 w i t h  N2 eL N in equil. 
( 4 3  N2, 02 in equil. w i t h  N & 0 

P1 an to determi ne w h e r e  a p p r o x  . a p p l  i cab1 e , 
subsequent e f f e c t s  on flaw-field, and 
computat i onal e f  +or t i nu01 u e d  < s a u  i rigs) . 
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EL E CT H ON T EMP E RAT LIRE MODELS 

A t  h i g h  t e m p e r a t u r e s ,  can TE be  
a p p r o x i m a t e d  o r  must a TE  DEQ be  s o l u e d ?  
can  p r o b l e m  be simp1 i + i e d ?  

When s i g n i f i c a n t  number o d  m o l e c u l e s  
p r e s e n t ,  TE 
i t  c o u p l e d ?  Is TErTUN2 o k a y ?  Is a more 
d e t a i l e d  model needed? 

H o w  

i s  c o u p l e d  t o  TUN2. B u t  h o w  i s  

P r e v i o u s  r e s u l  t s  -- 

I LAB TIME I p S E C )  
i 
' FIG. 3.  Comparison of thcoretical prediction and cxperimr~~tal 

data for rlcctron tenipcraturc. 

LAB TIME ( p  S E C )  
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RADIATION MODELS 

A t  h i g h  t e m p e r a t u r e s ,  above 8000 t o  10000 
K,  f l o w  cons i s t s  o-f a t o m s  and ions.  S t e p  
models < 5 >  appear a d e q u a t e ,  b u t  p o s s i b l y  can 
b e  s i m p 1  i f  i e d .  R a d i a t i o n  g a s d y n a m i c  coup1 i ng  
probab ly  i m p o r t a n t .  

When m o l e c u l a r  r a d i a t i o n  i m p o r t a n t ,  can 
s t e p  models b e  u s e d ?  How m a n y  s t e p s ?  
R a d i a t i o n  c o u p 1  i n g  probably n o t  i m p o r t a n t .  

VI BRAT1 ON-CHEMI STRY COUPLING MODELS 

Uar i ous possi b i  1 i t i e s  ex  i s t :  
1 .  CUDU 
2. CUDV P r e f e r e n t i a l  
3. Park Model 

I n f l u e n c e  o+ v i b r a t i o n a l  r e l a x a t i o n  data 
a n d  c o r r e l  a t  i ons? 

T h e  s i m i l a r i t i e s ,  d i - f f e r e n c e s ,  and 
c o n s e q u e n c e s  o+ us ing  each  of; t h e s e  models i n  
t h e  AOTU r e g i m e  n e e d 5  t o  be d e t e r m i n e d .  

REACT1 O N  CHEMISTRY MODELS 

M u s t  b e  s t u d i e d  i n  c o n j u n c t i o n  w i t h  
u i b-chem. mode 1 s. 

S t u d y  i n f l u e n c e  09 number o f  5 p e c i e s  and 
n u m b e r  09 reactions on f l o w - f i e l d  s t r u c t u r e  
a n d  c o m p u t a t i o n a l  @$+or--t .  

P e r e o r m  parametric s tud i  e 5  o n  r a t e 5 .  

S t u d y  e f f e c t  o+ u a r  i ous p r o p c l s e d  r e a c t  i cln 
r a t e  t e m p e r a t u r e  d e p e n d e n c e  model s .  

S i q n i 9 i c a n t  i n f c i r m a t i o n  p r o t i a b l y  c c i u l d  be 
o b t a i n e d  by s t t i d y i n g  o n l y  ~ I , J O  stream1 i n c s .  
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Mole F r a c t i o n s  for Psi = 6 at  
Alt = 61km a n d  Vel -- 7.02 X l O ” 5  

Vi6raj;ono I E j v 1 1  C q ~ c  

I0.40 - 
LL - - - 

- 

Mole Fractions for Psi = 6 a t  
Alt = 61km and Vel = 7.02 x 10 5 

/ im( /   on e f ut*iib f r ‘ m  L U( ~ 1 . d  

I 
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1 ,  Parametric s t u d i e s  of. shock Jump,  e l e c t r o n  
t e m p e r a t u r e ,  and r a d i  a t  i on model 5.. 

2. P a r a m e t r  i c s t u d i  e 5  o+ u i b r a t  i on c h c m i  s t r y  
c o u p 1  ing and r e a c t i o n  c h e m i s t r y  m o d e l s .  

3.  E v a l u a t i o n  o f  u a r i o u s  m o d e l s -  

4 .  Cant  i n u e  t o  d e u e l  op a p p r o x i m a t e  s t a g n a t  i on 
p o i n t  s o l u t i o n .  

N O T E :  A r e  t h e s e  a c c e p t a b l e ?  W e  w a n t  to 
p r o v i d e  r e s u l t s  t h a t  a re  o+ v a l u e  t o  YOU! 
Gu i dance P l  ease! D u r a t  i on? Renewal 7 etc. 
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